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l. Introduction

Regenerative medicine seeks to create functional tissues to recover lost tissue or
organ functions. Such loss can stem from various conditions that hamper the patient’s
quality of life, including disease and aging, but congenital diseases, where the function is
not lost, but originally missing, also belong here. The field of regenerative medicine is
evolving rapidly, and bears the promise of new, more individualized therapies with fewer

side effects and complications [1].

The term itself is considered to have been coined by William Heseltine, who meant ‘the
broad range of disciplines adopted by companies working towards a common goal of
replacing or repairing damaged or diseased tissue’ by it. In this sense, ‘regenerative
medicine’ is an umbrella term that covers a wide range of methods and interventions, from

tissue engineering (TE), through stem cell therapy to therapeutic cloning [2].
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Figure 1: The concept of regenerative medicine [3]




The main pillars of regenerative medicine are tissue engineering, biomaterials and stem cell

therapy [Figure 1].

The first pillar, tissue engineering is an interdisciplinary field that applies the principles of
engineering and the life sciences for the development of biological substitutes that restore,

maintain, or improve tissue function [4].

Tissue engineering is one of the most progressively developing disciplines [4-6].

Cell isolation

Tissue-engineered graft

Figure 2: The basic elements of TE [7]

A TE process involves i) well-designed and functional microenvironments called scaffolds
ii) cell culture, and iii) highly skilled implantation surgery [Figure 2]. These presuppose the
cooperation of several fields of science, such as physics, materials science, chemistry,
biology, genetics and the medical sciences, especially immunology. This shows that TE is
not a homogenous field of science, but a highly interdisciplinary one, where all disciplines

have their well-defined role.




In the early days of regenerative medicine, the application of living tissue was the primary
means of recovering the damaged area. This is grafting, a technique still used in the clinical
practice. While the term grafting brings first of all skin grafts to mind, virtually any kind of
tissue can be grafted, depending on the aim of the intervention. The classification of grafts
dates back to the early days of regenerative medicine. Autografting is when the source of
the graft is the patient himself. This is preferred over other methods, as the risk of adverse
immunological reaction is low. Autografting is still the gold standard for bone grafting [8].
With the progress of immunology, other grafts became possible. Allografts are taken from a
genetically different member of the same species, while xenografts are taken from a
member of a different species than the recipient. Bovine bone mineral (BBM) and porous

hydroxyapatite (HA) are commonly used for xenografting [9].

Grafts, however, come with a lot of difficulties for the patients. With autografts, the donor
site morbidity can cause minor complications and the surgical load of the patients is higher
[10]. Transplants have high chance of rejection due to immunological reactions [11].
Xenografting has major limitations, including blood antigen incompatibility, immune

responses and infectious complications [12].

The development of biomaterials opened up the way toward TE, offering an alternative to

graft-based tissue regeneration.

The first, 1976 Consensus Conference of the European Society for Biomaterials defined
biomaterial as ‘a nonviable material used in a medical device, intended to interact with
biological systems’. In contrast, the current definition goes: ‘a material intended to interface
with biological systems to evaluate, treat, augment or replace any tissue, organ or function

of the body’ [13].

The two definitions demonstrate how biomaterials have moved from merely interacting

with the body to influencing biological processes.




Table 1.: Uses of biomaterials [14]

Problem area Examples

Replacement of disease or damaged part Artificial hip joint, kidney dialysis machine
Assist in healing Sutures, bone plates and screws

Improve function Cardiac pacemaker, intraocular lens
Correct functional abnormality Dental implant

Correct cosmetic problem Mammoplasty, cosmetic dentistry

Aid to diagnosis Probes and catheters

Aid to treatment Catheters, drains

As Table 1. describes the biomaterials can be used for various purposes. From lifesaving
medical treatments, through functional regenerative surgeries to the tissue management for

esthetic improvement, they are used in all aspects of medicine.

Table 2.: Biomaterials in organs [14]

Organ Example

Heart Cardiac pacemaker, artificial heart valve,
blood vessels

Lung Oxygenator machine

Eye Contact lens, intraocular lens

Mouth Dental implants, fillings, crowns

Ear Artificial stapes, cochlea implant

Bone Bone plate, intramedullary rod

Kidney Kidney dialysis machine Catheters, stent

Bladder Catheters, stent

As Table 2. describes in which organs we can use biomaterials. They can be used head-to-

toe in the human body. All major specialties are using them on daily basis.

Also, biomaterials can be classified by their substance.




Metals: The use of metals as biomaterials has been reported since as early as the late 18"
century when iron, gold, silver and platinum were used to fabricate wires and pins to fix
bone fractures [15]. It is also known that gold was used in ancient Egypt in dentistry [16].
Metals have high impact strength, high wear resistance, high ductility and the capacity to
absorb high strain energy (toughness) compared to other materials. These properties make
metals suitable for high-load orthopedic applications, as well as dental implants, pacer and

suture wires, and coronary stents [17].

Ceramics as biomaterials are used as filling materials or covering for dental implants.
Ceramics have poor fracture toughness, which limits their capability of being used in
situations where load bearing is crucial. Their mechanical stiffness (Young’s modulus) is
high, their elasticity is low, and their surface is hard and brittle. As their chemical and
structural characteristics are very similar to the mineral phase of native bone, their
biocompatibility with bone is excellent. A wide range of ceramics is used in orthopedic
surgery (to fill bone defects), and they are also used for the covering of implant surfaces so

as to enhance osseointegration [13].

Composite biomaterials: Composites are biomaterials which have distinct phases separated
on a larger-than-atomic scale, and whose characteristic properties (such as their elastic
modulus) significantly differ from those of a homogenous material. In medical applications,
they are most often: (1) dental filling composites, (2) reinforced methyl methacrylate bone
cement and ultra-high-molecular-weight polyethylene, and (3) orthopedic implants with
porous surfaces. As the constituents absorb moisture, composites have a tendency to swell.

In a dental setting, this is useful, as it offsets polymerization shrinkage [14].

Polymeric biomaterials: Synthetic polymeric materials are widely used in medicine,
dentistry and the pharmaceutical industry. The main advantages of these biomaterials over
metal or ceramic materials include malleability, good secondary processability, reasonable
cost, and availability with customized mechanical and physical properties. The desirable
properties of any polymeric biomaterial are similar to those of other biomaterials:
biocompatibility, resilience to sterilization, adequate mechanical and physical properties,

and manufacturability [14].




Biodegradable polymeric biomaterials: These materials are broken down spontaneously via
enzymatic and non-enzymatic mechanisms. Therefore, they are considered to be
environmentally friendly, among their other favorable characteristics. During the past
decade, we have witnessed a dramatic increase of interest in these materials. There are two
main reasons for this: First, by definition, they do not elicit permanent chronic foreign-body
reactions. Second, some of them have recently been found to be promising in the field of
tissue engineering, especially for the fabrication of scaffolds [14]. To be suitable for such

purposes, any biomaterial must meet a number of criteria. These are:

(i) Biocompatibility is essential. It is only when a material is biocompatible that the cells
can migrate onto and inside the scaffold and function normally. After implantation, a

biocompatible foreign body must not elicit any immune reaction so that no rejection occurs.

(ii) Biodegradability lies at the heart of the concept of implanted scaffolds. Over time, cells
must be able to completely replace the temporarily implanted scaffold. The by-products of

degradation should be biologically inert and able to exit the body in natural ways.

(iii) Mechanical properties. the scaffold should have mechanical properties consistent with
the receptive site and it must also be resilient enough to endure surgical handling during the
implantation. Producing scaffolds with proper mechanical properties is one of the current
challenges in bone and cartilage engineering. The challenge here is that these scaffolds
must have sufficient mechanical integrity to function from the time of implantation through

the completion of the healing process.

(iv) Scaffold architecture is not less important. An interconnected pore structure and high
porosity are basic requirements so that cellular penetration and adequate diffusion of
nutrients to the cells are ensured. The interconnected structure also allows the diffusion of
waste products out of the scaffold. As for the pores, they need to be large enough to allow
cell migration into the scaffold, where they bind to their ligands. However, they must not

exceed a certain size, so that a sufficient amount of specific surface remains available.

Regarding the manufacturing process, it should be rapid, reliable, and inexpensive. Another
key factor is determining how a product will be delivered and made available. Clinicians

typically prefer off-the shelf availability without the requirement for extra surgical
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procedures in order to harvest cells prior to a number of weeks of in vitro culture before

implantation [13].

The third pillar of regenerative medicine is stem cell therapy. Stem cells have the ability to
renew themselves and differentiate into cells of any tissue (pluripotency). One option is the
use of embryonic stem cells, but this raises ethical issues and the difficulties of
differentiation control carry the risk of teratogenicity. Mesenchymal stem cells that reside

in all sorts of tissues comprise a viable alternative.

Mesenchymal stem cells harvested from the bone marrow (bone marrow mesenchymal
stromal/stem cells; BMSCs) are the best-known and -characterized type of adult stem cells.
However, the use of BMSCs has serious disadvantages. These include a low cell yield from

the aspirates, the painful harvesting procedure, and the potential complications.

Adipose tissue-derived stromal/stem cells (ASCs) were introduced in 2001. These cells,
harvested from fat after liposuction, have the plastic-adherent character and also the ability
to differentiate into several cell types (including osteoblasts and myocytes, among others).
In addition, the liposuction procedure is simple, easy and repeatable. The cell yield is
higher as compared to bone marrow aspiration, and the procedure is less stressful for the
donor [18, 19]. Both BMSCs and ASCs are plastic-adherent under standard culture
conditions, with a fibroblastic, spindle-shaped appearance. A further similarity is that both
cell types form colonies in culture. However, it was found that ASCs are superior in terms
of their proliferative capacity and lower senescence, and they can also be kept in vitro for
extended periods with a stable proliferation rate [20]. In addition, the osteogenic potential
and proliferation of BMSCs seems to decline with age. This decline is less marked in the
case of ASCs. Therefore, it was suggested that ASCs would be more suitable for TE
purposes than BMSCs. Since then, the osteogenic potential of ASCs have been proven both

in vitro and in vivo [6].
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I1. Objectives

The main objective was to establish an innovative application in the field of regenerative

medicine. We aimed to investigate a novel, scalable, rapid prototyping (RP) procedure

relying on stereo-lithography (STL) and UV photocurable biopolymers in vitro and in vivo.

We had the following aims:

1.

To investigate the suitability of biopolymer scaffolds for cell culturing.

To accomplish in vivo transfer of ‘scaffold-cell’ system.

. To investigate biodegradability and biocompatibility of the ‘scaffold-cell’ system.

To optimize the scaffold composition for stem cells.

To test the tissue growing in the presence of gold nanoparticles (AuNP) added to
Poly(propylene-fumarate):diethylene fumarate (PPF:DEF) scaffold.

To perform in vivo transfer of ‘stem-cells-on-scaffolds’.

12



I11. Materials and Methods
111.1 Biodegradable polymer scaffolds
a) The Mask Projection Excimer laser StereoLithography (MPEXSL) system

MPEXSL is a novel RP STL method developed by the LML laboratory in IIT, Genova. The
method relies on a layer-by-layer buildup process where layers are fabricated by image
projection, using pulsed excimer laser radiation [21-24]. A schematic representation of the

system and a photo of the actual apparatus are shown in Figure 3.
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Figure 3: MPEXSL. (a) a schematic representation; (b) the actual apparatus [23]

The output beam of a XeCl excimer laser at 308 nm is coupled to a customized mask
projection optical system with a demagnification of 4, and a numerical aperture of 0.1. The
system includes a telescope and a motorized variable attenuator. A motorized mask holder
selects the image to be projected on the resin surface in order to form the scaffolds
architecture for each layer. The mask selector, shown in Fig. 3(b) (left), consists of a
precision linear stage and a holder plate that can host up to 5 masks of 25x25 mm. It is
notable that in perspective the total number of masks can be increased using a compact 2-
axis motorized stage or a motorized holder wheel; for example, 20 masks of 25 mm size
can be loaded on a wheel of about 20 cm in diameter. With this option the scaffold
architecture is the most variable. In the MPEXSL technique presented hereby, lithographic

photo-masks (chromium on quartz) are used, but stencil masks may also be applied. The
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macro-shape of the scaffold (e.g., the scaffold diameter in the horizontal plane) can be
further adjusted by means of an iris diaphragm placed right in front of the mask. The
photocurable resin is in a transparent cup, supported by a multi-axis motorized stage. A
charge-coupled device (CCD) camera is used to monitor the resin surface and the
fabrication process on-line. Positioning of the resin surface on the lasers image plane,
where the scaffold is actually built, is achieved by moving the sample with an XYZ stage.
A fourth motorized stage (W) controls the vertical position of the scaffold-supporting
platform immersed in the resin container cup, in order to implement the layer-by-layer
fabrication. That is, after a layer is photocured, the W stage moves downwards into the
resin and allows the recast of a fresh liquid resin layer on top of the previously cured layer.
The applied light dose determines the depth of photocuring (layer thickness), while the
magnitude of the downward step of the W stage determines the overlap between two
adjacent layers. For example, to produce a layer of 120 um thickness with a 20 p m
overlap, the following four-step procedure is necessary: i) the W stage moves downwards
by 2000 p m to immerse the cured part into the resin; ii) the W stage moves upwards by
(2000-120+20) p m; iii) a couple of minutes are left to allow the resin layer to properly
recast; iv) a shot dose of light is applied to cure a 120 p m-thick resin film. In addition, the
XY stages can be moved during the fabrication procedure, increasing the flexibility of the
system. During the actual fabrication process, since the W stage moves downwards, the
resin surface in the cup will move upwards by a specific amount, proportional to the
volume of the platform’s supporting posts immersed in the resin. (This accumulating
vertical shift of the resin surface is taken into account when structures with many layers are
produced.) At the same time, the resin surface moves out of the preset image plane. This is
also taken into account by moving the Z stage downwards, keeping the resin surface within
the depth of focus of the optical system. The entire process is computerized. It is to be
noted that the above procedure uses a passive recasting method. Diethyl fumarate (DEF) is
applied as diluent to reduce the resin viscosity as needed for proper resin recast. When
using 308 nm light and PPF:DEF (7:3 w:w) resin with 0.6 wt% or 1.0 wt% PI (BAPO,
Irgacure 819), the curing depth can be very well controlled in the 20 to 170 pm range by
varying the applied laser pulse dose, as shown in the inset of Fig. 3(a). In this way, the

thickness of the layers building up the 3D scaffold can be well controlled, with a
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micrometer resolution and avoiding over-curing, which is essential for reliable and precise
scaffold fabrication. Indeed, the UV light at 308 nm is absorbed to some extent also by the
PPF polymer resulting in a self-limited light penetration into the resin. When using longer
wavelength light, i.e., near-UV/visible, the use of absorbers/scatterers into the resin, e.g.,
dyes or nanoparticles, is often necessary in order to limit the light penetration depth, control

the curing depth, and avoid over-curing[23].
b) Resin and Photoinitiators

PPF is a versatile biodegradable and photocurable biomaterial, a linear polyester with an
unsaturated backbone that allows the crosslinking, and cytocompatible degradation
products based on propylene glycol and fumaric acid [25]. The PPF used in this work is not
commercially available. It was synthesized for the purposes of the study. Briefly, fumaric
acid was heated in excess of propylene glycol at 145°C with overhead mechanical stirrer. A
Barrett trap was connected beneath the condenser to collect water, produced as a by-
product. After 3 to 4 hours, the temperature was increased to 180°C for 2 hours to collect
the unreacted propylene glycol, and viscosity was checked. The polymer was purified by
methylene chloride, followed by water and brine. Sodium sulphate was used as a drying
agent of the organic phase, and finally, the PPF was made solvent-free via a rotary
evaporator [22]. To have an appropriate viscosity for STL purposes, the purified PPF resin
had to be diluted. Diethyl fumarate (DEF) was applied as diluent to reduce the resin
viscosity as needed for proper resin recast [21-24]. Irgacure 819 or Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide ,,BaPO” [26] is used with the PPF:DEF due to its
favorable spectrum in the deep UV, as well as being ethanol-soluble, thus compatible with

the resin mixing process.
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Figure 4: PPF:DEF synthesis [22]

c) NP integration to the resin:

The particle of choice was gold nanoparticles. AuNPs are ideal platforms for drug/growth
factor delivery as well as Deoxyribonucleic acid (DNA) adhesion, and they are also easy to
produce. All chemicals were commercially available and used unless otherwise stated. The
Au NPs (with a diameter of 13 + 1 nm, 85 %) were prepared by a standard citrate reduction
protocol. A solution of hydrogen tetrachloroaurate trihydrates (HAuCl4.3H,0, Alfa Aesar
99.9% (metal base) Au 49% min) 1 mM was boiled, then 3 ml of 30 mM trisodium citrate
(Sigma Aldrich, USA) aqueous solution was injected under vigorous stirring for 20 min.
When the solution cooled down, the nanoparticles were separated by centrifugation. After
each centrifugation cycles, the supernatant was replaced with Milli-Q water of 18.2 MQ
resistance, resulting in NPs dispersion in water. The particles' concentration, optical
absorption, and size were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES), spectrophotometry, and electron microscope, respectively. In
order to increase the dispersion of Au NPs inside the resin, 90 mg of Polyvinylpyrrolidone
(PVP) (Sigma Aldrich, MW 10 KDa) was added to the water dispersion. The final
concentration of PVP was adjusted to be 3 mg/ml. The reaction solution was stirred

overnight. Finally, the coated nanoparticles were collected and cleaned from excess PVP by

16



three cycles of centrifugation with the supernatant exchanged with Milli-Q water (18.2
MQ) each time. The coating process was repeated twice. In the end, the coated NPs were
dispersed in ethanol prior to any further processing. The NPs only exhibited excellent
colloidal stability in ethanol after these two cycles of PVP coating (PVP I and PVP II,
respectively). The PVP-coated nanoparticles retained their dispersion stability in the
organic DEF medium as well. Both dispersion of PVP-coated NPs (Au NP/PVP) in the
DEF and the PPF:DEF matrices optical absorption was investigated. This ethanol colloidal
of PVP-coated Au NPs was then mixed to DEF (Aldrich) by means of sonication (30 min)
and stirring (24 hours). With the identified particle size, the final concentration of the Au
NPs in the DEF was detected to be 18.4 uM by means of ICP-OES. Using the NP-
embedded DEF, a series of PPF:DEF-Au NP nanocomposite resins were prepared for
MPEXSL: first the DEF-Au NP was mixed with pristine DEF and stirred for 1 hour, then
added to the PPF. The photoinitiator was added to this reaction mixture [27]

o
.}
¢
e
L
o

AuNPs Number
s

=
T

—
=]
T

sonm L ; 2 B M 18

AuNPs Diameter (nm)

N
(ol

08+

AuNPs
= AuNPs/PVPI
— AUNPSPVP I

Absorbance (@, u.)
e
£

~ - e - Y NI
400 450  S00 S50 600 650 700
Wavelength (nm)

Figure 5: (@) TEM micrographs of Au NPs in aqueous dispersion capped with TSC, (b)
histogram of the nanoparticle size distribution. (c) Optical absorption spectra of Au NPs in
aqueous dispersion and after two cycles of PVP coating in ethanol medium. (d) Scheme
illustrated the possible bonding of citrate molecule capped Au NPs with PVP coating and
diethyl fumarate molecules [27]
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111.2 Biological testing
111.2.1. Tested scaffold types

For the in vivo and in vitro tests, 5 mm diameter, 100 pm thick porous scaffolds were
prepared with 200 pm-pore diameters, using a BaPO concentration of 1%. Two types of
these, PPF:DEF scaffolds with 200 pm pore size were used. The first type of scaffolds did
not contain any NPs. The resin included 5.52 pMAu NPs, in the second type of scaffolds.

111.2.2. Preparation of scaffolds

The photocured samples were sterilized with UV irradiation for 30 min and coated with
0.01% poly-L-lysine (MW 70000-150000 Da, Sigma-Aldrich, USA) for 30 min at room
temperature. Poly-L-lysine was removed and the scaffolds were dried under laminar box,
and then incubated in Eagle’s Minimum Essential Medium (EMEM, Lonza, Switzerland)
with 10 % fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin and 0.25 pg/ul
Fungizone (PromoCell GmbH, Heidelberg, Germany) for 7 days at 37 °C. The medium was

changed every other day. At day seven, cells were seeded.
111.2.3. Cell types and culture condition

o K7M2
K7M2 mouse osteosarcoma cell line cells (provided by Dennis Klinman, NCI-
Frederick, MD, USA) were seeded 2 x 10° cells/ml in wells, containing one scaffold
each, in EMEM, and then incubated in humidified atmosphere with 5% CO, at 37
°C for 14 days. K7M2 cell line was derived by intra-osseous injection of the K7
murine osteosarcoma cell line to the proximal tibia of a Balb/c mouse. The resultant
primary tumor spontaneously metastasized to the lungs. A pulmonary metastasis
was removed from the lung and then surgically implanted to a paraosteal tibial
muscle flap of a naive mouse. This cycle of implantation of pulmonary metastasis to
paraosteal tibial muscle flap sites was repeated, resulting in the K7M2 primary
tumor. This tumor was dissociated to a single cell suspension to create the K7M2 wt

cell line [28].
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RAW 264.7 Cell Line murine, macrophage from blood

RAW 264.7 murine cell line was obtained from Sigma-91062702. The cells were
seeded at 5 x 10* cells/ml in wells containing one scaffold each, and then incubated
in humidified atmosphere with 5% CO, at 37 °C for 4 days. RAW 264.7 cell line
was established from an ascites of a tumor induced in a male mouse by
intraperitoneal injection of Abselon Leukaemia Virus (A-MuLV). Cells will
pinocytose neutral red and phagocytose zymosan. Cells are capable of antibody

dependent lysis of sheep erythrocytes and tumor targets. [29]

ASC

Primary autologous adipose stem cells were isolated from 4 to 6 weeks old Balb/c
male mice (Charles River Laboratories International, Inc.). After cervical
dislocation, the abdominal adipose tissue was removed. The tissue was put in 100
pg/ml RPMI (Cat.No.: BE12- 115F, Lonza, Switzerland), treated with kanamycin
(Kanamycin sulfate from Streptomyces Kanamyceticus, Sigma K 1377-16, Sigma-
Aldrich, USA), then digested in collagenase (Sigma-Aldrich, USA) at 37 °C. After
1 hour, the cells were washed and cultured in a Petri dish for 2 weeks in MSC
Medium (MesenCult, STEMCELL, Canada) with 10% fetal bovine serum, 100
U/ml penicillin, 100 U/ml streptomycin and 0.25 pg/ul Fungizone (PromoCell
GmbH, Heidelberg, Germany) at 37 °C, 5% CO,. These cells were seeded at 5 x 10*
cells/ml in wells containing one scaffold each, and then incubated in humidified

atmosphere with 5% CO; at 37 °C for 4 days.
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111.2.4. In vitro experimental set-up

Cell-seeded-scaffolds with cells were prepared for scanning electron microscopic (SEM),
and confocal microscopic examination. For the preparation for confocal microscopy, we
used 4% paraformaldehyde and immune staining (Alpha tubulin, Phalloidin, Dapi,
Tomato). SEM samples were treated with 0.1 M Sodium Cacodylate and 1.2%
Glutaraldehyde. Samples were dehydrated in ethanol of increasing concentration (50%,
70%, 80%, 90%, 96%, 100%) for 10 min each concentration and 100%

Hexamethyldisilazane overnight.
111.2.5 In vivo experimental set-up

o K7M2
K7M2 mouse osteosarcoma cell line was grown on the scaffolds for 14 days before
implantation in mice. After being covered with cells, the scaffolds were implanted
under the dorsal skin of 8-week old female Balb/C mice (Charles River
Laboratories International, Inc.). Control groups were implanted with cell-free
scaffolds. 14 days after transplantation, the scaffolds and dorsal skin were removed
and blood samples were collected. For the purposes of cytokine and chemokine
profiling, the collected blood samples were allowed to clot for 30 min at room
temperature, then overnight at 4 °C. Serum samples were collected by
centrifugation at 3000 rpm for 5 min and stored at —80 °C until the time of analysis.
Five mice per group were implanted. In case of a successful cell implantation, the
presence or absence of selected K7M2 mouse osteosarcoma cell line was followed
by histology. Animal care was provided in accordance with the procedures outlined
in the protocol authorized by the Institutional and the National Animal Ethics and

Experimentation Boards

o ASC
After being covered with cells, the scaffolds were implanted under the dorsal skin
of 8-week-old female Balb/c mice (Charles River Laboratories International, Inc.).
The control group was injected with 5x10* cells/ml ASCs. Three mice per group

were implanted. 14 days after implantation, the scaffolds and dorsal skin were
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removed and blood samples were collected. For the purposes of cytokine and
chemokine profiling, the collected blood samples were allowed to clot for 30 min at
room temperature, then overnight at 4 °C. Serum samples were collected by
centrifugation at 3000 rpm for 5 min and stored at —80 °C until the time of analysis.
In case of a successful cell implantation, the presence or absence of selected mouse
ASC was followed by histology. All animal experiments were performed in
accordance with national (1998. XXVIII; 40/2013) and European (2010/63/EU)
animal ethics guidelines. The experimental protocols were approved by the Animal
Experimentation and Ethics Committee of the Biological Research Centre of the
Hungarian Academy of Sciences and the Hungarian National Animal

Experimentation and Ethics Board (clearance number: XVI./ 03521/2011.).
111.2.5.1. Cytokine and chemokine proteome profiler

The potential inflammatory reactions of the implanted biomaterial were screened via
cytokine and chemokine profiling. Protein concentrations of the sera were measured by
BCA Protein Assay (Thermo Scientific, USA) and pooled samples were tested to
simultaneously detect relative levels of different cytokines according to the manufacturer’s
instruction by Mouse Cytokine Array, Panel A (R&D Systems, USA). Immunoreactive
signals were detected using a LI-COR ODYSSEY® Fc¢ (Dual-mode imaging system)

imager followed by analysis with Odyssey v1.2 software.
111.2.5.2. Histology

Specimens were fixed in 4% buffered paraformaldehyde and then embedded into paraffin
blocks. Four-micrometer-thick sections were prepared and stained by conventional
hematoxylin-eosin stain then cover-slipped. The sections were visualized by scanning

virtual microscope (3D Histech, Hungary).
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111.2.5.3 FISH

Fluorescence in situ hybridization (FISH) is a molecular diagnostic technique utilizing
labeled DNA probes to detect a gene or specialized sequences. The sample DNA
(metaphase chromosomes or interphase nuclei) is first denatured, a fluorescently labeled
probe of interest is then added to the denatured sample and hybridizes with the sample
DNA at the target site as it re-anneals back into a double stranded DNA. The probe signal
can then be seen through a fluorescent microscope and the sample DNA can be scored for
the presence or absence of the signal [30]. For fluorescence in situ hybridization (FISH),
chromosome X and Y control probe (Empire Genomics, Buffalo, NY, USA) was used, to
verify the presence of the Y chromosome of the transplanted mouse adipose stem cells,

according to the manufacturer's instructions.
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IV. Results

1. K7M2 cells were successfully seeded to biopolymer scaffold.

Figure 6. Stained K7M? cells can be seen on the fluorescent microscopic image of the
scaffolds, around the pores.

After 14 days of incubation, fluorescent microscopic images were taken of the scaffold,
with Tomato red transfected cells as seen in Figure 6. Viable red cells adhered to the

margin of pores (indicated by arrowheads).
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2. K7M2 seeded scaffold successfully transferred cells in vivo and did not induce

immune rejection

Figure 7: The removed dorsal skin area, no visible sign of inflammation

14 days after implantation, the implantation site, the dorsal skin of the mice were removed
(Fig. 7.), and blood samples were collected. A small size nodule was visible in each mouse
implanted with K7M2 seeded scaffold, but we could not observe wound, inflammation,

bleeding or ulceration. The experimental animal did not show high temperature, pain,

scratching, any symptom or side effect.
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b) Scaffold + K7M2

Figure 8: Cytokine and chemokine profile of (a) control sera and (b) tumor scaffold-
implanted mice sera. The spreadsheet shows the cytokine and chemokine map.

The collected blood samples were cytokine and chemokine profiled. No significant
difference was detected between the cytokine profiles of the tumor scaffold- implanted

group and the control group (Fig 8). We could not find elevated level of proinflammatory

cytokines or chemokines.
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Figure 9: Images of the control scaffold (a) and the K7M2 tumor cell seeded scaffold (b)
implanted sections. Only a mild fibrotic reaction was observed around the control scaffold
(c-arrows), whereas viable foci of anaplastic sarcomatous tumor cells embedded in dens

inflammatory reaction were seen in the tumor scaffold specimen (d, dashed line indicates
tumor border). /HE; OM 200x; a-b and c-d scale bar 1000um and 200um, respectively/

Upon histological examination of the implanted scaffolds, no signs of inflammation were
observed in the dorsal skin, and no signs of rejection were found. In the histological
sections of the group implanted with tumor cell seeded scaffolds (Fig. 9 b and d), viable,
anaplastic sarcomatous tumor cells were found. In Fig 9 d, the dashed line indicates tumor
border. In contrast, in the control mice only a mild fibrotic reaction was observed around
the location of the scaffold (Fig 9c, arrows). No residual biopolymer piece was found at the
transplantation site in the control animals, suggesting the biological degradation of the

scaffolds.
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3. AuNP filled scaffolds support stem cell adherence and viability compared to AuNP

free material

Figure 10: Scaffold of 200 um pore size, with Au nanoparticles and macrophages a)
confocal microscopy, b) SEM

/

. 20kv X250/ 100pm

Figure 11: Scaffold of 200 um pore size, without Au nanoparticles and with macrophages
a) confocal microscopy, b) SEM.

In vitro, macrophages - a cell type of high adherence - could be seeded on the scaffold
surface as shown in Fig. 10. The Au-content of the polymer resin had no influence on the

adherence of the macrophages (Fig. 11).

27



E _,-P':-L - =

50um

Figure 12: Scaffold of 200 um pore size, with Au nanoparticles and with mouse ASCs a)
confocal microscopy, b) SEM.

Figure 13: ASC adhesion to a hybrid (a) and a normal (b) scaffold

The adherence of ASCs, however, was apparently affected by the Au content of the
scaffold. Adherence to the Au NP hybrid scaffold proved to be much better (Figs. 12, 13).
Stem cells adhered to the surface of AuNP filled scaffolds. ASCs did not show appropriate
proliferation on the surface of the AuNP-free scaffolds, cell aggregates were seen in the

middle of pores (Fig. 13b).
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4. Stem cell seeded scaffold induced muscle regeneration in vivo

Figure 14: Images of a section with ASC- seeded Au- filled scaffold (A, B, C). Viable
mesenchymal cell colonies and striated muscle regeneration indicated by stem cells were
seen in the scaffold (D). The Y chromosome content of the transplanted stem cells was
detected by FISH, indicated by arrowheads (E).

The excised skin areas showed no visible signs of reactive inflammation (Fig. 14), and the
cytokine profiling did not indicate inflammation either (Fig. 15). Interestingly, we detected
not only the implanted ASCs with X-Y chromosome but also cells containing Y and more
than one X chromosomes (data not shown), most likely resulting from regenerative cellular
fusion between ASCs and stromal mesenchymal cells (Fig. 14A). This suggests that the
biopolymers applied together with ASCs were able to initiate tissue repair in the
appropriate tissue environment. In the histological sections of the group implanted with

ASCs, small residual biopolymer pieces of varying diameter (50— 500 pm) were seen.
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Figure 15: Results of the in vivo cytokine profiling:

The cytokine and chemokine profiling detected C5, sSICAM-1, M-CSF and TIMP-1. The
profiler did not indicate significant immune reaction to the ASC-seeded scaffolds (4) as
compared to the control scaffold (B). This is supported by the lack of immune cell
infiltration or relevant immune reaction against the ASC-seeded scaffold, as revealed by
histology.
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V. Discussion

The main objective we set was to test a novel, scalable, rapid prototyping (RP)
procedure relying on stereo-lithography (STL) and UV photocurable biopolymers in vitro

and in vivo.

The first experiment was built around the fundamental questions of scaffold use.
We investigated cell adhesion, biocompatibility and biodegradability [31]. Tissue
engineering scaffolds are usually made of polyester. Three types are used most frequently
[32]: (i) Polycaprolacton (PCL) is used in various forms, such as films, fibers, and
microparticles [33-35]. To improve its bioactive properties, it is used in the form of
composite materials with other polymers, such as gelatin and chitosan, in various tissue
regeneration contexts [36, 37]. (ii) Poly (L-lactic acid) (PLLA) is a synthetic biodegradable
polyester formed through the polymerization of I-lactide, obtained from renewable sources
such as starch. It has a wide variety of applications including sutures, drug delivery
vehicles, prosthetic devices, vascular grafts, bone screws, skin regeneration scaffolds, and
pins for fixation [38]. (iii) Poly(lactic-co-glycolic) acid (PLGA) is a combination of the
polyester polymers PLLA and poly(glycolic acid) (PGA) and is among the most commonly
used biodegradable synthetic polymers for tissue engineering applications [39]. Our
scaffold material, PPF:DEF is a relatively new material [40]. However for bone TE
applications the photocross-linking of poly(propylene fumarate) (PPF) was investigated to
form porous scaffolds [41]. For the formation of cross-linked, degradable polymer
networks with tunable material properties cross-linking factors have been examined in
combination with PPF [42], but this precise combination was first described by Kasper and

colleagues in 2009 [25] and it needed further investigation.

In our study, we covered PPF:DEF scaffolds with K7M2 mouse osteosarcoma cells, and we
were able to transfer this ‘scaffold-cell’ system into the living tissue, i.e. into recipient
mice. No signs of inflammation were detected, either by the cytokine/chemokine profiling
or with histology. No scaffold remnants were found in the histological sections, which
indicate that the scaffold was biologically degraded. In this sense, we can say that our
system met the three fundamental requirements towards scaffolds: adhesion, mechanical

strength, and biocompatibility/biodegradability [31].
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After having proven that the scaffolds were fit for tissue engineering, we took a step
forward: we wished to optimize the system to stem cells, because regenerative medicine is
based on the trinity of stem cells, biomaterials and tissue engineering [3] and all medical

fields investigate stem cell driven regeneration [32, 43].

Our results showed that the stem cells are sensitive to the composition of the scaffolds. We
performed in vitro experiments with scaffolds of different concentration of incorporated
AuNPs. While the stable but transformed macrophage cell line was not especially sensitive
to the Au-content of the polymer, the adherence and distribution of ASCs was definitely
better on the Au hybrid polymer. This is important because of the potential value of these
cells in regenerative tissue engineering. The incorporated AuNPs helped the stem cells
adhere to the scaffolds. The results of the in vivo experiment showed that our cell-scaffold
complex could be successfully transferred into the living tissue of experimental animals

and the stem cells induced muscle regeneration.

Tumor formation is an ever-present danger of stem cell transplantation, but our system
proved to be safe in this respect. The use of the scaffold ensures that the cells are kept in
place, and the chance of stem cells getting into the bloodstream is significantly reduced.
The use of autologous stem cells reduces the risk of rejection, ensures better regeneration,
and ASCs are readily available. ASCs are easy to harvest in a safe, minimally invasive way

from almost any patient

Our research about PPF:DEF scaffolds are pointing in the future. The results show that this
scaffold is an adequate option in regenerative medicine. It needs further research until it

gets to the clinical use, but the first steps were made.
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Summary of accomplished objectives:

e We have proven, the PPF:DEF biopolymers scaffolds are suitable host for cell
cultures

e We are able to transfer ‘scaffold-cell’ system in living experimental animals

e The scaffolds are biocompatible and biodegradable TE devices

e Incorporated NPs (especially au NPs) in the scaffold composition can enhance
tissue growing

e We are able to manage autogenous adipose tissue-derived stem cells to PPF:DEF

scaffolds and transfer, this complex in experimental mice.
VI. Conclusion

The studies described in this thesis were planned to take the PPF:DEF scaffolds closer to

the clinical application.

In vitro and in vivo experiments were conducted to prove that the scaffolds meet the sine
qua non requirements of medical use. When it was established, we turned our attention to

application with stem cells.

The PPF:DEF scaffold proved to be a competent tissue engineering device, because it was
biocompatible, biodegradable, and cells could adhere to it, and it’s meeting the expectations
when it gets to the application. Furthermore, the adipose stem cells could be transported
with the scaffold to experimental animals. We also noticed that AuNPs supplementation of

the scaffold enhanced cell adhesion and proliferation.

The future of this research should be continued towards the clinical usage. We did the first
steps, and after the basics, it should carry on, because the scaffold is promising. Further
experiments need to show, that the scaffolds can be used in bigger size, with more cells, to
cover up a bigger surface. It is necessary to work out more precise experiments in vivo
towards regenerative medicine. A standardized method could facilitate the hard and soft

tissue regeneration, renewing thereby restorative, regenerative medicine.
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Following our previous works of in-vitro tests, the biocompatibility of photopolymer scaffolds
was tested against immune responses in vivo. Neither relevant immune reactions nor the rejection of
implanted scaffolds was detected, being an essential step for in vivo implantation of excimer laser-
prepared scaffolds. The scaffolds were fabricated by UV excimer laser photocuring at 308 nm. Af-
ter two weeks of transplantation neither inflammatory response nor reactive immune activation was
detected based on the chemokine and cytokine profile. As a sign of biodegradability of the scaffolds,
we detected macrophage infiltration and phagocytosis of the biopolymer at the site of implantation.
Our results suggest that poly(propylene fumarate) (PPF): diethyl fumarate (DEF) (7 : 3 w/w) scaf-
folds have appropriate properties for in vivo applications.
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1. Introduction 2. Materials and Methods

One of the major goals of tissue engineering [1-2] is to
provide rapid and reliable production of well-designed and 2.1 Laser photocuring and setup
functional microenvironments called scaffolds. These scaf- In MPEXSL, schematically illustrated in Fig. 1, the im-
folds help to reestablish the structural integrity of tissues age of a mask is projected on the photosensitive liquid resin
damaged by trauma, disease or aging. [10] defining the inner geometry of the solidified polymer

Our novel Mask Projection Excimer Stereolithography scaffold.
(MPEXSL) [3] is a versatile and fast tool to fabricate such
microenvironments from liquid polymeric resins through (e
UV photocuring. Yet, the biocompatibility [4] of these scaf- threaded iris
folds must also be one of the primary factors considered COMPexPro 110 T \
before the structures may be used in therapeutic applica- Iﬁlvlzlse*;“ft;e;;gilm | | dichroic mirror
tions. Pulse width: 20 ns I ]

The validity of poly(propylene fumarate) (PPF):diethyl Rep. rate: 1-100 Hz j \

fumarate (DEF) (7:3 w/w) samples fabricated by our atfenuator mask
MPEXSL system has already been investigated by a previ- objective lens

ous study with bone cell culturing [5], while elastine [6-7]
and Titanate nanotubes [8-9] were utilized as functional

coatings. Following all these in vitro cell tests, in vivo bio- l;‘;‘;l’:‘:ﬁ:ﬂ‘;ig‘:d quartz plate
logical testing of such PPF:DEF scaffolds became a fun- on the resin

damental aspect of our further progress. //' BOIyTiES Fesin

11— glass

XYZ stage

Fig. 1: MPEXSL in a one-layer photocuring setup
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The resin is sandwiched between a glass holder and a
quartz plate [11], in favor of a simpler and faster one-layer
photocuring process. The sample is then mounted on an
XYZ stage.

The outer geometry can be modulated by an iris. Pulse
fluence of the XeCl excimer laser is controlled by a varia-
ble attenuator. Pulse repetition rate ranges from 1 to 100
Hz. A CCD camera is mounted on the top of the optical
system to in-situ monitor the process.

The system is entirely driven by a computer. Depending
on the programming, this results in different scaffold ge-
ometries (as seen on Fig. 2) [3,5].

Fig. 2 (a) 5-mm diameter, 200-pm thick scaffold with pore size of
800 um; (b) 2-mm diameter, 250-pm thick scaffold with cog-
shaped pores

2.2 Polymer resin

Scaffolds fabricated from PPF:DEF (7:3 w/w) [11-12]
were implanted. The structures were constructed by apply-
ing UV excimer laser photocuring at 308 nm. The photo-
cross-linking density is tuned by photoinitiator phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide (BaPO). Scaffold
thickness can be adjusted by the total fluence (in this study
by changing the number of shots). This tuning capability is
discussed in section 3.1.

12

2.3 Biological testing: cell culture, mouse model, his-
tology, and cytokine/chemokine profile

The photocured samples were sterilized with UV irra-
diation for 30 min and coated with 0.01 % poly-L-lysine
(MW 70000-150000 Da, Sigma) for 30 min at room tem-
perature. Poly-L-lysine was removed and the scaffolds
were dried under laminar box, and then incubated in Ea-
gle’s Minimum Essential Medium (EMEM, Lonza) with
10 % fetal bovine serum, 100 U/ml penicillin, 100 U/ml
streptomicin and 0.25 pg/ul fungizone (Promocell) for 7
days at 37 °C. The medium was changed every other day.

At day seven, K7M2 mouse cells (provided by Dennis
Klinman, NCI-Frederick, MD, USA) were seeded in
EMEM at 2 x 10° cells/ml in wells containing one scaffold
each, and then incubated in humidified atmosphere with
5 % CO, at 37 °C for 14 days. After being covered with
cells, the scaffolds were implanted under the dorsal skin of
8-week old female Balb/C mice (Charles River Laborato-
ries International, Inc.). Control groups were implanted
with cell-free scaffolds. 14 days after transplantation, the
scaffolds and dorsal skin were removed and blood samples
were collected. Five mice per group were implanted.

In case of a successful cell implantation, the presence
or absence of selected K7M2 mouse osteosarcoma cell line
was followed by histology. Specimens were fixed in 4%
buffered paraformaldehyde and then embedded into paraf-
fin blocks. Four-um-thick sections were prepared and
stained by conventional hematoxilin-eosin stain then cover-
slipped. The sections were visualized by scanning virtual
microscope (3D Histech, Hungary).

The potential inflammatory reactions of the implanted
biomaterial were screened via cytokine and chemokine
profile. Protein concentrations of the sera were measured
by BCA Protein Assay (Thermo Scientific) and pooled
samples were tested to simultaneously detect relative levels
of different cytokines according to the manufacture’s in-
struction by Mouse Cytokine Array, Panel A (R&D Sys-
tems). Immunoreactive signals were detected using a LI-
COR ODYSSEY® Fc (Dual-mode imaging system) imager
followed by analysis with Odyssey v1.2 software. Animal
care was provided in accordance with the procedures out-
lined in the animal protocol authorized by the Institutional
and the National Animal Ethics and Experimentation
Boards.

3. Results and discussion

3.1 Preliminary results for PPF:DEF (7:3 w/w) scaffold
fabrication

The wavelength of a XeCL excimer laser (308 nm) has
the greatest penetration depth of all excimer sources in
PPF:DEF and thus highly desirable for the scaffold fabrica-
tion process [11]. Apart from the wavelength of the laser,
the thickness of the polymerized layer can also be tuned by
other laser parameters [13], such as the applied total flu-
ence. The range of this tuning is strongly dependent on the
resin's photoinitiator concentration. Thus, the layer thick-
ness dependence over the BaPO (Fig. 3) was acquired for
PPF:DEF (7:3 w/w) to be able to achieve the proper layer
thickness of any desired structure.

For all measurements, non-porous layers were fabricat-
ed with different BaPO concentrations using a repetition
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rate of 50 Hz and fluence per pulse of 20 mJ/cm’. The ap-
plied numbers of pulses were 50, 124, 248, 336, 480, 720
and 1000. Height measurements were performed with a
Veeco Dektak 150 profiler. BaPO concentration ranged
from 0.3% to 1.2%. We assume that the observed sublinear
dependence is due to the 308 nm light having greater pene-
tration depth in the crosslinked resin than in the pristine
one.

Total fluence mJicm’
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Fig. 3: Layer thickness as a function of number of pulses (and
total fluence) in case of various BaPO concentrations

For the in vivo tests, 5-mm diameter, 100-um thick po-
rous scaffolds were prepared with 55-um-pore diameters,
using a BaPO concentration of 1%. These have been pre-
sented in [9].

3.2 In-vivo biocompatibility of monolayer scaffolds

K7M2 mouse osteosarcoma cell line was grown on the
scaffolds for 14 days before implantation in mice. The con-
trol group was implanted with cell-free scaffolds. After 14
days, the scaffolds and dorsal skin were removed and se-
rum samples were harvested for further analysis.

Cytokine and chemokine protein levels in sera were al-
so investigated. No significant difference was detected be-
tween the cytokine profiles of the tumor scaffold implanted
group and the control group (Fig 4). No sign of inflamma-
tion was observed on the dorsal skin: neither inflammatory
cytokines, nor other signs of rejective reaction were found.

In histological sections (Fig. 5) of the group implanted
with tumor seeded scaffolds (b), viable anaplastic sarcoma-
tous tumor cells embedded in dens inflammatory reaction
were seen (d-interrupted line indicates tumor border), in
contrast to the control group (a) where only a mild fibrotic
reaction was noted around the presumable location of the
scaffold (Fig 8c-arrows).

No residual biopolymer piece was found in the control
animals. We presume that the scaffolds degraded biologi-
cally in vivo without significant residual pieces.
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Fig. 4: profiling of (A) tumor scaffold implanted mice sera and
(B) control groups sera. Panel (C) shows the cytokine and chemo-
kine map
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Conclusions

PPF:DEF scaffolds were fabricated by our excimer laser
stereolithography system and have been tested in vivo with
K7M2 mouse osteosarcoma cell line. No inflammatory
reaction or other rejection was observed opening up the
possibility of utilizing the aforementioned scaffolds in bio-
logical applications, while the MPEXSL presents a fast,
versatile, and reliable way to fabricate simple photocured
structures for tissue engineering and regenerative medicine.
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Therapeutic stem cell transplantation bears the promise of new directions in organ and tissue replacement, but a
number of its difficulties and perils are also well known. Our goal was to develop a method of transplantation by
which the transplanted cells remain confined to the transplantation site and induce favorable processes. With the
help of mask-projection excimer laser stereolithography, 3D hybrid nanoscaffolds were fabricated from biode-
gradable, photocurable PPF:DEF resin with incorporated gold nanoparticles (Au NPs). The scaffolds were tested
in vitro and in vivo in order to find out about their biocompatibility and fitness for our purposes.
In vitro, macrophages and mouse autologous adipose stem cells (ASCs) were seeded over the hybrid scaffolds and
non-hybrid (with Au NPs) scaffolds for 4 days. The hybrid nanocomposite greater stem cell dispension and stem
cell adhesion than PPF scaffolds without Au NPs, but such a difference was not seen in the case of macrophages.
In vivo, stem cells, scaffoldings and scaffoldings covered in stem cells were transplanted under the back skin of
mice. After 14 days, blood samples were taken and the affected skin area was excised. Cytokine and chemokine
profiling did not indicate elevated immunomediators in the sera of experimental animals. Interestingly, the au-
tologous-stem-cell-seeded hybrid nanocomposite scaffold induced muscle tissue regeneration after experimen-
tal wound generation in vivo. We could not observe such stem cell-induced tissue regeneration when no
scaffolding was used.
We conclude that PPF:DEF resin nanoscaffolds with incorporated gold nanoparticles offer a safe and efficient al-
ternative for the enhancement of local tissue remodeling. The results also support the idea that adipose derived
stem cells are an optimal cell type for the purposes of regenerative musculoskeletal tissue engineering.

© 2016 Published by Elsevier B.V.

1. Introduction

Tissue Engineering (TE) is one of the most progressively developing
disciplines [1-3], the development of which is largely stimulated by its
biomedical potential. Throughout the last decade, various health issues
have been successfully addressed utilizing a TE approach, such as bone
regeneration [4] bladder [5] and muscle [6,7] augmentation/repair and
also neuroregeneration [8,9].

* Corresponding author at: University of Szeged, Faculty of Dentistry, Tisza Lajos krt. 64,
H-6720 Szeged, Hungary.
E-mail address: kr.buzas@gmail.com (K. Buzas).

http://dx.doi.org/10.1016/j.msec.2016.11.124
0928-4931/© 2016 Published by Elsevier B.V.

The utility of polypropylene fumarate (PPF):diethyl fumarate (DEF)
(7:3 w/w) biodegradable photocurable polymers in TE has already been
widely investigated [10,11]. The results were promising, but further in
vivo corroboration is still lacking.

Mask projection excimer laser stereolithography (MPEXSL) [12]
makes it possible to fabricate 3D scaffolds in the nano range, including
PPF:DEF nanocomposite scaffolds [13]. Such scaffolds act as a template
for cell organization and tissue development in the tissue engineering
process, and they are also biodegradable. Furthermore, to augment
their efficiency, hybrid scaffolds can be fabricated by incorporating
nanoparticles into the polymer resin, as recently reported by our
group using [14] and gold [13] nanoparticles. The optical and physico-
chemical properties of Au NPs have been intensively investigated,
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Fig. 1. Scaffold of 200 pm pore size, with Au nanoparticles and macrophages A) confocal microscopy, B) SEM.

along with their potential biomedical uses. Au NPs appear to be optimal
candidates to be used as “transport vehicles” in scaffolds, due to their
low inherent toxicity, tunable stability, switchable plasmonic optical
properties and high surface area [15].

In this study, we conducted in vitro and in vivo experiments. The aim
of our in vitro experiment was to investigate the interactions of the bio-
degradable Au NP hybrid scaffold with the adhesion and proliferation of
mouse autologous adipose stem cells (ASCs) and macrophages as com-
pared to non-hybrid PPF:DEF scaffolds.

In vitro, two different cell lines were used for the testing of the scaf-
folds. One of these, RAW 264.7, is a macrophage cell line of good prolif-
erative potential and excellent adherence. In the other case, a primary
cell culture also fit for real transplantation purposes was used (ASCs).
In comparison with transformed cell lines, the adherence and prolifera-
tive potential of these cells is less well-defined. This way it was possible
to test the biocompatibility of the scaffolds with both a stable and a sen-
sitive system. During the in vitro experiments we managed to optimize
the conditions for the proliferation and adherence of the stem cells.

The aim of the in vivo part of the study was to provide further sup-
port for our previous findings regarding the favorable biocompatibility
of these scaffolds [13] - this time with the Au NP hybrids. To reach
that end, stem cells, scaffoldings and scaffoldings covered in stem cells
were transplanted under the back skin of mice. Inflammatory and aller-
gic reactions upon transplantation are among the first signs of
impending failure. The measurement of inflammatory cytokine and
chemokine levels allows a sensitive detection of such processes, where-
fore we utilized a proteome profiler capable of detecting 44 cytokines
and chemokines.

20kV

The cytokine and chemokine profiling was followed by the histolog-
ical analysis of the removed implant, which was important in two ways.
First, histology verified the biodegradability of the polymer. Second, this
way we could rule out tumor formation, which is a potential and dan-
gerous side effect of stem cell transplantation. Finally, the results of
the immunological profiling could be verified by the lack of inflammato-
ry infiltration.

Interestingly, the autologous-stem-cell-seeded hybrid nanocompos-
ite scaffold induced muscle tissue regeneration after experimental
wound generation in vivo.

2. Materials and methods
2.1. Mask-projection excimer laser stereolithography (MPEXSL)

MPEXSL is a stereolithography process developed in our laboratory
[15] based on excimer laser irradiation of a liquid photocrosslinkable
resin. The geometry and physical properties of the scaffolds to be fabri-
cated is selected by a set of interchangeable masks and different laser
and resin parameters, such as the laser wavelength [15], number of
laser pulses and/or pulse fluence [16,17], and the photoinitiator concen-
tration [15]. The setup is described in detail in Beke et al. [15].

2.2. Polymer resin
The PPF:DED biodegradable photopolymer resin preparation is de-

scribed in detail in our previous work [18]. The preparation of
PPD:DEF-Au NP nanocomposites is described previously [13].

X250 / 100pm

Fig. 2. Scaffold of 200 um pore size, without Au nanoparticles and macrophages A) confocal microscopy, B) SEM.
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Fig. 3. Scaffold of 200 pm pore size, with Au nanoparticles and with mouse ASCs A) confocal, B) SEM.

To test the produced Au nanocomposite scaffolds, we used biode-
gradable scaffolds with 200 pm pore size and 5.52 pM Au nanoparticle
[13].

2.3. Biological testing: cell culture, mouse model, histology, and cytokine/
chemokine profile

The primary autologous adipose stem cells were isolated from 4 to
6 weeks old Balb/c mice (Charles River Laboratories International,
Inc.). After cervical dislocation, the abdominal adipose tissue was re-
moved. The tissue was put in 100 pg/ml RPMI (Lonza, Cat. No.: BE12-
115F) treated with kanamycin (Kanamycin sulfate from Streptomyces
Kanamyceticus, Sigma K 1377-16), then digested in collagenase
(Sigma) at 37 °C. After 1 h, the cells were washed and cultured in a
Petri dish for 2 weeks in MSC Medium (MesenCult, STEMCELL) with
10% fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin
and 0.25 pg/ul fungizone (Promocell) at 37 °C, 5% CO-.

2.3.1. In vitro experiments

The photocured samples were sterilized with UV irradiation for
30 min and coated with 0.01% poly-Llysine (MW 70,000-150,000 Da,
Sigma) for 30 min at room temperature. Poly-L-lysine was removed
and the scaffolds were dried under laminar box, and then incubated in
Eagle's Minimum Essential Medium (EMEM, Lonza) with 10% fetal bo-
vine serum, 100 U/ml penicillin, 100 U/ml streptomycin and 0.25 pg/ul

fungizone (Promocell) for 7 days at 37 °C. At day seven, adipose-derived
mesenchymal stem cells (ASC) isolated from Balb/c male mouse or mac-
rophages (RAW 264.7) were seeded at 7 x 10% cells/ml in wells contain-
ing one scaffold each, and then incubated in humidified atmosphere
with 5% CO, at 37 °C for 4 days. Cell-seeded-scaffolds with cells were
prepared for Scanning Electron Microscope (SEM), and Confocal micro-
scope (Nikon A1) examination. For the preparation for Confocal micros-
copy we used 4% paraformaldehyde and immune staining (Alpha
tubulin, Phalloidin, Dapi). SEM samples were treated 0.1 M Sodium
Cacodylate, and 1.2% Glutaraldehyde. Samples were dehydrated in eth-
anol of increasing concentration (50%, 70%, 80%, 90%, 96%, 100%) for
10 min each concentration and 100% Hexamethyldisilazane overnight.

2.3.2. In vivo experiments

The MPExSL-fabricated samples were sterilized with UV irradiation
for 30 min and coated with 0.01% poly-L-lysine (MW 70,000-
150,000 Da, Sigma) for 30 min at room temperature. Poly-L-lysine was
removed and the scaffolds were dried under laminar box, and then in-
cubated in Eagle's Minimum Essential Medium (EMEM, Lonza) with
10% fetal bovine serum, 100 U/ml penicillin, 100 U/ml streptomycin
and 0.25 pg/ul fungizone (Promocell) for 7 days at 37 °C. The medium
was changed every other day. At day seven, ASCs were seeded in MSC
Medium at 5 x 10* cells/ml in wells containing one scaffold each, and
then incubated in humidified atmosphere with 5% CO, at 37 °C for
7 days. After being covered with cells, the scaffolds were implanted

Fig. 4. ASC adhesion to a hybrid (A) and a normal (B) scaffold.
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Fig. 5. Images of a section with ASC seeded Au filled scaffold (A, B, C). Viable mesenchymal cell colonies and striated muscle regeneration indicated by stem cells were seen in the scaffold
specimen (D). The Y chromosome content of the transplanted stem cells was detected by the FISH technique, red dots indicated by arrowheads (E).

under the dorsal skin of 8 week old female Balb/c mice (Charles River
Laboratories International, Inc.). The control group was injected with
5 x 10* ASCs. Three mice per group were implanted. 14 days after trans-
plantation, the scaffolds and dorsal skin were removed and blood sam-
ples were collected. For cytokine and chemokine profile, collected blood
samples were allowed to clot for 30 min at room temperature, then
overnight at 4 °C. Serum samples were collected by centrifugation at
3000 rpm for 5 min and stored at — 80 °C until the time of analysis. In
case of a successful cell implantation, the presence or absence of select-
ed mouse ASC was followed by histology. Specimens were fixed in 4%
buffered paraformaldehyde and then embedded in paraffin blocks.
Four-micrometer-thick sections were prepared and stained by conven-
tional hematoxylin-eosin stain then coverslipped. The sections were vi-
sualized by scanning virtual microscope (3D Histech, Hungary).
Inflammatory reactions were detected by cytokine and chemokine
profiling.

Protein concentrations of the sera were measured by BCA Protein
Assay (Thermo Scientific) and pooled samples were tested to simulta-
neously detect relative levels of different cytokines according to the
manufacturer's instructions by Mouse Cytokine Array, Panel A (R&D
Systems). Immunoreactive signals were detected using an LI-COR OD-
YSSEY Fc imager followed by analysis with Odyssey v1.2 software. All
animal experiments were performed in accordance with national
(1998. XXVIII; 40/2013) and European (2010/63/EU) animal ethics
guidelines. The experimental protocols were approved by the Animal
Experimentation and Ethics Committee of the Biological Research Cen-
tre of the Hungarian Academy of Sciences and the Hungarian National
Animal Experimentation and Ethics Board (clearance number: XVI./
03521/2011.)

For fluorescence in situ hybridization (FISH), chromosome X and Y
control probe (Empire Genomics, Buffalo, NY, USA) was used to verify

the presence of the Y chromosome of the transplanted mouse adipose
stem cells, according to the manufacturer's instructions.

3. Results
3.1. In vitro tests

Macrophages -a cell type of high adherence-could be seeded on the
scaffold surface as shown in Fig. 1.

The Au-content of the polymer resin had no influence on the adher-
ence of the macrophages (Fig. 2).

The adherence of ASCs, however, proved to be sensitive to the Au
content. Adherence to the Au NP hybrid scaffold proved to be much bet-
ter (Figs. 3, 4).

3.2. In vivo tests

The excised skin areas showed no visible signs of reactive inflamma-
tion (Fig. 5), and the cytokine profiling did not indicate inflammation ei-
ther (Fig. 6).

Interestingly, we detected not only the implanted ASCs with X-Y
chromosome but also cells containing Y and more than one X chromo-
somes, most likely resulting from regenerative cellular fusion between
ASCs and stromal mesenchymal cells (Fig. 5A). This suggests that the
biopolymers applied together with ASCs were able to initiate tissue re-
pair in the appropriate tissue environment.

We could not detect ASC or ASC-derived tissue regeneration in ASC
injected mice when scaffold support was not utilized (data not
shown). In the histological sections of the group implanted with adipose
stem cells, small residual biopolymer pieces of varying diameter (50-
500 um) were seen.
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Fig. 6. Cytokine and chemokine proteome profiling detected C5 complement component, SICAM-1 adhesion molecule, M-CSF and TIMP-1 cytokines. The profiler did not indicate significant
immune reaction to the ASC-seeded scaffolds (A) as compared to the control scaffold (B). This is supported by the lack of immune cell infiltration or relevant immune reaction against the

ASC-seeded scaffold, as revealed by histology.

4. Conclusion

To use stem cells in the regenerative medicine is one of the most im-
portant challenge of tissue engineering. Stem cell implantation is the
best way to regenerate different types of tissues based on pluripotency
but the stem cells incorporated to the circulation could initiate cancer-
ous transformation.

Biodegradable, photocurable polymer resin, polypropylene fuma-
rate (PPF) along with Au NPs were utilized to synthesize a hybrid nano-
composite resin, that is directly exploitable in stereolithography (SL)
processes. The resulting resin was used to fabricate nanocomposite scaf-
folds via mask projection excimer laser stereolithography.

In vitro studies helped to optimize scaffold structure, composition
and cell culturing conditions for further in vivo experiments. We com-
pared the colony-forming abilities of macrophages- as a highly adherent
cell line- and the primary stem cell culture on different biomaterials.
While the stable but transformed macrophage cell line was not especial-
ly sensitive to the Au-content of the polymer, the adherence and distri-
bution of ASCs was definitely better on the Au hybrid polymer. This is
important because of the potential value of these cells in regenerative
tissue engineering.

Our results suggested to use Au-filled scaffolds to secure the optimal
cell transfer. In the case of Au-filled scaffolds we have seen evenly distri-
bution and adherence of stem cells.

As the potentially most dangerous sequela of the implantation of any
foreign body is a violent immune response, monitoring immune reac-
tions is of key importance. Neither immunological profiling nor histolo-
gy revealed any sign of inflammatory or allergic reactions in our
experimental animals. To our knowledge, we are the first to have prov-
en that PPF:DEF Au NP scaffolds do not induce immune response in ex-
perimental animals.

These scaffolds provided an optimal surface for the adherence of
ASCs and kept them in place, but an even more valuable observation
was also made: ASCs induced muscle regeneration in situ, which was
verified by the histological analysis and the FISH test. This in itself may
not be new, as several publications have dealt with scaffold-derived
muscle regeneration, but the preference of ASCs for this unique surface
[13] make the Au NP nanocomposite- ASC system a really promising one
for clinical applications.

Tumor formation is an ever-present danger of stem cell trans-
plantation [19,20], but our system proved to be safe in this respect.

The use of the scaffold ensures that the cells are kept in place, and
the chance of stem cells getting into the bloodstream is significantly
reduced. The use of autologous stem cells reduces the risk of rejec-
tion [21], ensures better regeneration [22], and ASCs are readily
available. ASCs are easy to harvest in a safe, minimally invasive
way from almost any patient.

We conclude that PPF:DEF resin scaffolds with incorporated gold
nanoparticles, especially in combination with ASCs carry the promise
of a new, safe and efficient means of musculoskeletal tissue regenera-
tion [2].
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